Observations in compression tests
Introduction
Mechanical behavior of articular cartilage is a consequence of its collagen fibrillar network entrapping a proteoglycan dominant matrix swollen by a fluid carrying a variety of mobile ions. The fibril reinforced models ͓1-3͔ distinguish the two major solid components ͑fibrillar and nonfibrillar͒ and thus bear certain advantages to describe the mechanical properties of cartilage adequately. In these models, articular cartilage is considered as a fluid-saturated nonfibrillar matrix ͑proteoglycans͒ reinforced by a third phase, the fibrillar matrix ͑collagen͒, which supports tensile stress only. Such models have been known to be able to account for the strong stress relaxation in unconfined compression, which was hard to explain by the biphasic model ͓4 -6͔. The nonlinear fibril reinforced poroelastic models ͓1,2͔ could further simulate the compression-offset dependent stiffening of the transient response. Among the three nonlinear factors considered, i.e., the effect of finite deformation, the dependence of permeability on dilatation, and the fibril stiffening with its tensile strain, it has been found that the fibril nonlinearity is the most essential factor to describe cartilage nonlinear mechanical behavior for the cases considered ͓1͔. This feature is further investigated in the current work where the compression/release behavior of articular cartilage is explored.
In relaxation tests with confined or unconfined compression geometry, the maximum load transient ͑load increment at transients with respect to equilibrium͒ measured for a further compression was ͑much͒ larger than that for the release of the same displacement increment ͑5-15 m͒, with both starting from an identical previously imposed compression ͑in equilibrium͒ ͓7,8͔. Furthermore, the difference in the load transients between compression and release increased with the compression/release amplitude: Doubling the compression amplitude could approximately double the load transient ͑phases i versus ii of Fig. 1͒ , but doubling the release amplitude resulted in a load transient far less than being doubled ͑phases a versus b͒. This experimentally observed nonlinear behavior of articular cartilage was referred to as the asymmetry of the transient response in compression versus release. The goal of the current study is to investigate the mechanism of this compression/release asymmetry of articular cartilage in unconfined geometry theoretically.
Method
Consider a cartilage disk with thickness h and radius R. The nonlinear fibril-reinforced poroelastic model ͓1͔ is employed to explore the mechanical response of the disk in unconfined compression; both the solid skeleton and fluid are assumed to be incompressible. The nonfibrillar matrix of cartilage is defined by the Young's modulus E m and Poisson's ratio m . The fibrillar matrix is described by the strain-dependent Young's modulus
where f is the fibril strain; and E f and E f 0 are positive constants. The permeability varies exponentially with the dilatation of the material ͓9͔
where k 0 is the initial permeability and M is a positive constant.
The problem is axisymmetric and solutions are found using the commercial finite element code ABAQUS. Poroelastic continuum elements and elastic spring elements are employed to represent the nonfibrillar and fibrillar matrices respectively. The mesh and the boundary conditions were presented in Li et al. ͓1͔. In the unconfined test, a total of 100 m compression was applied to a cartilage disk (hϭ1.2 mm,Rϭ1.5 mm) in 10 equal compression/relaxation steps ͑to equilibrium͒. A sequence of compression/relaxation and release/relaxation steps was then applied as shown in the inset of Fig. 1 ͑5, 10, or 15 m displacement increment was applied in 5 seconds in each step; time is with reference to the end of the 10-step compression͒. Every step was allowed 600 seconds for full relaxation. However, for clarity in presentation, only a period of 150 seconds in each step is shown.
Results
For the same increment of displacement imposed on the disk with 100 m pre-compression, release produces a smaller load transient than further compression ͑Fig. 1, the phases i versus a, ii versus b, and iii versus c͒. In fact, the larger the displacement increment, the larger the difference is between the compression and release load transients. The model predicts the most salient trends of the test data. Since no strong dependence of permeability on dilatation is observed for the test, the permeability is taken to be constant in this case.
In order to appreciate the mechanism of the asymmetry, the radial strain and pore pressure are shown ͑Figs. 2 and 3͒. Compression or release in the axial direction produces an increase or decrease of the tensile strain in the radial direction ͑Fig. 2͒. Since the radial fibrils resist the radial expansion mainly produced by the fluid pressure and flow, the pore pressure scales with the stiffness of the fibrils ͑i.e., the stiffer the fibrils, the higher the pore pressure for a given axial compression͒. If the fibril stiffness were independent of the fibril strain, the pore pressures would be identical ͑but of opposite signs͒ for the same increment of compression and release ͑note that the nonfibrillar matrix is linear and elastic͒. However, since the fibril modulus is actually a linear function of its tensile strain ͑which follows the same pattern as that of the radial strain shown in Fig. 2 when the fibrils are in tension͒, the fibrils soften in a release situation, resulting in a lower amplitude of the pore pressure in release than in further compression ͑Fig. 3, e.g., the phases ii versus b͒. The reduced pore pressure results in a reduced load ͑Fig. 1͒ due to the fact that the axial stress of the nonfibrillar matrix does not vary much during the transient ͑Fig. 3͒. It is also seen that the transient increment in the radial strain is larger in a release situation as compared to that with the same displacement increment in further compression ͑e.g., the phases ii versus b of Fig. 2͒ , making the fibrils soften further in a release situation and resulting in an even stronger asymmetry in the compression-release transient.
Finally, it is shown that involving finite deformation has some impact on the asymmetry when the fibril stiffening is considered ͑Fig. 4͒. However, there would be little difference between the pore pressures were the fibril stiffness constant ͑not shown͒. Therefore the difference in pore pressure shown in Fig. 4 is actually a consequence of the fibril stiffening with the strain, which is different in quantity when different theories are employed.
Discussion
As demonstrated above, the fibril stiffening accounts for the asymmetric transient response. A particular situation is when the horizontal fibrils are partly in compression, resulting in a very low disk stiffness. For example, a compressive radial strain occurs in the central part of the disk for a short period of time ͑part of the phase c shown in Fig. 2 for the domain rр7/15R͒ when a large release is imposed and the previously produced lateral expansion recoils. Then the load transient is very low ͑the phase c in Fig. 1͒ and an irregular pattern ͑in the load and radial strain͒ is observed due to discontinuity of the fibril stiffness at zero fibril strain in the current model.
The results shown here assume a constant permeability. While the dependence of permeability on dilatation is observed in other tests, it has been found that such nonlinearity in permeability does not contribute to the compression-release asymmetry at the current strain levels ͑the mean axial strain is below 9.6 percent͒ if fibril nonlinearity is not involved simultaneously; only with the presence of fibril nonlinearity does the nonlinearity in permeability produce a stronger compression-release asymmetry ͓10͔. That is, the impact of nonlinear permeability on the asymmetry is similar to that of finite deformation. However, it is presently not clear if this is true for higher levels of compression ͑e.g., when the mean axial strain reaches 30 percent͒.
The nonhomogeneous poroelastic model ͓2͔, which considers the depth varying material properties, has also been employed to simulate the asymmetrical response. As expected, no significant difference has been found between the resultant load patterns predicted by the homogeneous and nonhomogeneous models, suggesting material inhomogeneity along the depth is not essential to produce the compression/release asymmetry.
This study has proposed an explanation for the experimentally observed asymmetric transient response in compression versus release. Since most physiological loads involve repeated application of both compression and release phases, this behavior and its model description are of practical importance for cartilage biomechanical function, evaluation, and physiological response to loads. 
